Intrinsic regulators of the pluripotency of mouse ES (embryonic stem) cells include the homeodomain proteins Oct4 and the recently identified Nanog. When overexpressed, Nanog displays the unique attribute of robustly sustaining ES cell self-renewal in the absence of the otherwise requisite extracellular stimulation by LIF (leukaemia inhibitory factor) and BMP (bone morphogenetic protein). Here, we review our current understanding of the function of Nanog in pluripotent stem cells both in vitro and in vivo.
Introduction
Embryonic stem (ES) cells were originally derived from the inner cell mass of blastocyst stage mouse embryos [1, 2] . The more recent development of human ES cells [3, 4] raises hope that these cells will provide a resource for cell replacement therapies and drug discovery [5] . The cardinal attributes of ES cells are self-renewal and pluripotency; in other words, ES cells are defined by their capacity to undergo indefinite symmetrical cell division while retaining the ability to differentiate into cells of all three germ layers. The mechanisms by which ES cells retain, yet mask, their pluripotency during extended culture remain incompletely defined. In serumsupplemented cultures, stimulation of cells by cytokines of the LIF (leukaemia inhibitory factor) family is required for self-renewal [6, 7] . The requirement for serum has subsequently been shown to be dispensable, provided that cultures are supplemented by BMP (bone morphogenetic protein)/GDF (growth and differentiation factor) [8] . This advance greatly simplifies ES cell culture complexity, as many of the differentiated cell types observed in serum-containing cultures no longer appear. In addition to extrinsic signals, the intrinsic homeodomain proteins Oct4 and Nanog play central roles in directing self-renewal and maintaining pluripotency. Oct4 is a POU class transcription factor, whereas Nanog is a variant homeodomain protein. Although most closely related to members of the Nkx family of homeodomain proteins, Nanog is not itself a member of this family as it lacks sequence motifs characteristic of the Nkx family [9] . ciated transcripts [10] . Gene deletion studies then established that Nanog is required for maintenance of epiblast identity in vivo and for maintaining ES cell pluripotency [10] . The alternative strategy involved the direct selection of cDNAs, from an ES cell cDNA library, that were capable of maintaining ES cell self-renewal in the absence of the normally obligatory LIF stimulation [11] . The genetic selection was performed using ES cells cultured in the presence of serum and it was subsequently demonstrated that ES cells overexpressing Nanog could self-renew in completely defined media without BMP or LIF [8] . This is exemplified by the LIFindependent cell line EF4, which carries a loxP flanked Nanog transgene [11] . Compared with either parental E14Tg2a cells or the derivative EF4C3 cell line in which the Nanog transgene has been excised by the action of Cre recombinase, EF4 cells are resistant to a variety of differentiation-inducing stimuli [10] . Quantitative immunoblotting indicates that EF4 cells express 5-6 times the level of Nanog protein expressed by EF4C3 cells (Figure 1 ). This establishes the degree of overexpression of Nanog necessary for the LIF-independent characteristic of EF4 cells as well as their resistance to prodifferentiative stimuli, and contrasts with the more modest alterations of Oct4 protein levels required to alter ES cell phenotype [12] . These findings identify Nanog as a key mediator of mouse ES cell self-renewal, that is normally expressed at a limiting concentration, but that can 'lock in' ES cell identity when overexpressed. How Nanog interacts with other molecules that participate in ES cell self-renewal is discussed below.
Genetic interactions of Nanog
The ability of Nanog-overexpressing cells to guide ES selfrenewal robustly is in stark contrast with the phenotype of Oct4 overexpression that results in a mixed population of differentiated cells expressing markers of endoderm and mesoderm [12] . The fact that the differentiation induced by Oct4 overexpression is similar to that observed upon LIF withdrawal has led to the suggestion that an unidentified
Figure 1 Quantification of Nanog overexpression in EF4 cells
Cells were passaged in the presence of LIF prior to lysis in Laemmli sample buffer. Then, 25 µg of EF4 and EF4C3 cell lysates was subjected to SDS/PAGE next to a dilution series of the EF4 lysate (the dilution factor is indicated above each lane). An immunoblot was then developed using anti-Nanog antibody [18] or anti-tubulin as a loading control.
factor dependent on LIF signalling for maximal activity may be capable of attenuating the pro-differentiative activity of Oct4 overexpression [13] . Because Nanog overexpression reduces the dependence of ES cells upon LIF for self-renewal, this hypothesis has been modified to suggest that the relevant factor may be Nanog [14] . Although Nanog and Oct4 have discrete functions in self-renewing ES cells, Nanog cannot function in the absence of Oct4, suggesting interdependent modes of action [11] . In contrast with the trophectodermal differentiation caused by deletion of Oct4, deletion of Nanog from ES cells results in the appearance of cells that resemble extra-embryonic endoderm in terms of both morphology and gene expression [10] . A similar cell type is formed upon ectopic GATA6 expression in ES cells [15] , raising the possibility that Nanog may prevent primitive endoderm differentiation via GATA6 repression. Mutually antagonistic interactions between GATA6 and Nanog have recently been proposed to be responsible for the specification of primitive endoderm in vivo [16] .
Regulation of Nanog gene expression
The major transcription initiation site of Nanog has been mapped using the combined techniques of RNase protection and primer extension [17, 18] . A composite Oct/Sox motif located 180-166 bp upstream of the major transcription initiation site has previously been noted [19] . This is significant because Oct and Sox motifs have been found to be functionally important in other genes expressed specifically in ES cells including Fgf4 [20] , Utf1 [21] , Fbx15 [22] as well as both Oct4 [23, 24] and Sox2 [24, 25] . Moreover, when these nonpalindromic motifs occur together they do so with invariant comparative directionality. This directional requirement reflects side chain interactions between the HMG (high-mobility group) domain of Sox and the POU-specific domain of Oct that stabilize the ternary Oct-Sox-DNA complex [26, 27] . Indeed, recent studies have shown that Oct4 and Sox2 regulate the expression of Nanog and suggest that Sox2 may not bind efficiently to the Nanog promoter in the absence of Oct4 [28, 29] . Importantly, Oct4 and Sox2 antibodies can immunoprecipitate the Nanog promoter from ES cell chromatin [28, 29] . However, Nanog is unlikely to be positively regulated by Oct4 and Sox2 alone. All blastocysts from an Oct4 +/− intercross appear to express Nanog mRNA, suggesting that Oct4 is not essential for Nanog expression [11] . In line with this, other sites in the Nanog promoter appear to contribute to Nanog expression [29] , some to an equivalent extent as either Sox2 or Oct4 [28] . One of these recent studies detected a complex formed in electrophoretic mobility-shift assays that could not be explained by Oct4 and Sox2 and that could form even in the presence of Sox2. Controversially, this complex was not only ES cell-specific, it was only detected in R1 ES cells and not in the E14 ES cells used in the second study [28, 29] . This difference could be the result of variations in the Nanog DNA probes used, methods used for nuclear extract preparation, or the use of different ES cell lines of distinct genetic origin. Nevertheless, the observation of a complex binding to the Nanog probe that cannot be explained by Sox2 is intriguing and may be a consequence of the nature of the Oct/Sox site at the Nanog promoter. Despite the fact that 3 out of 7 of the positions in the Sox2 consensus sequence can tolerate variation and that the Oct motif does not conform rigidly to the consensus sequence for Oct binding, comparison of the Oct/Sox motif in the Nanog promoter shows absolute conservation over 250 million years of evolution [28] . This suggests that other functional constraints upon the Oct/Sox motif of the Nanog promoter exist, perhaps due to a need to bind an alternative regulator. It may therefore be revealing to compare a more detailed series of point mutations of the Oct/Sox motif at the Nanog promoter for their activities in reporter assays as well as their abilities to bind Oct4, Sox2 and the additional factor. One possibility is that a molecule that could displace the Oct/Sox interaction from the Nanog promoter might act as a negative regulator of Nanog expression. As Sox2 and Oct4 both appear to act as positive regulators of their own expression [23] [24] [25] , this could serve to break the cycle of positive regulation of Nanog by Sox2 and Oct4. Certainly some means of negatively regulating Nanog is required in order to facilitate differentiation. Evidence has been presented implicating the tumour suppressor p53 in the down-regulation of Nanog expression during differentiation [30] . However, ES cells with p53 mutations still down-regulate Nanog and differentiate, indicating the involvement of additional factors [30] .
Nanog protein
Nanog can be considered in simplistic terms as a three domain protein with the homeodomain separating the N-terminal serine-rich 96 amino acids from the C-terminal 150 amino acids. Fusions of Nanog to the DNA-binding domain of Gal4 have been used to show transactivator function for both N-and C-terminal domains [31] . Subsequent assays showed that the C-terminal transactivation domain could be separated into two independent transactivation domains: the 50 amino acid tryptophan repeat within which the identity of at least some of the tryptophan residues are critical to function, Figure 2 Nanog is a phosphoprotein EF4 cells (1.2 × 10 7 ) were lysed using 1.2 ml of lysis buffer [0.5% Nonidet P40, 150 mM NaCl, 50 mM Tris, pH 8.0, and Mini Complete tablet (Roche, Welwyn Garden City, U.K.)] and immunoprecipitated using antiNanog antibody and Protein A-Sepharose beads. After washing in the lysis buffer (wash 1), beads were washed in the supplier's phosphatase buffer (wash 2) prior to incubation at 37 • C for 15 min with either Antarctic phosphatase (Ant P; New England Biolabs, Hitchin, Herts., U.K.) or shrimp alkaline phosphatase (SAP; Roche). Samples were then immunoblotted with the anti-Nanog antibody [18] . and the 58 amino acid region C-terminal to the tryptophan repeat [32] . These activities were demonstrated using both Gal4-Nanog fusions in combination with a Gal4-responsive reporter, and importantly an assay in which the Nanogbinding site identified by SELEX (systematic evolution of ligands by exponential enrichment) [10] was used to drive a reporter gene expression [32] . Similar analysis of human Nanog revealed that transactivation potential is retained in the C-terminal domain but not in the N-terminal domain [33] . It will be interesting to see how these studies relate to the function of Nanog when bound to an endogenous target gene.
Based on the hypothesis that Nanog could repress primitive endoderm differentiation and the fact that a putative Nanog-binding site is present in the GATA6 promoter [10] , Nanog has been hypothesized to have repressive function. Data on the identification of Nanog target genes that might reveal whether Nanog acts as an activator or repressor of endogenous target genes are eagerly awaited. Of course Nanog may possess both activator and repressor functions as demonstrated for distinct multisubunit complexes of GATA-1 [34] . Post-translational modifications could influence the activity and/or interactions of Nanog and it is interesting in this regard that Nanog appears to be a phosphoprotein. Treatment of Nanog immunoprecipitates with two independent phosphatases collapses the triplet signal normally observed on immunoblots to a single band (Figure 2 ). It will be important to determine the functional significance of Nanog phosphorylation by examining the activity of mutants of Nanog that are impaired in their phosphorylation potential.
Concluding remarks
The ability of Nanog when overexpressed to robustly maintain ES cell identity, without the normally obligatory LIF and BMP/GDF signals, places Nanog firmly at the hub of the circuitry responsible for the properties of self-renewal and pluripotency. The mechanisms of Nanog function and regulation within these circuits are at present poorly perceived. However, as genes acting both upstream and downstream of Nanog are uncovered, and protein partners of Nanog are identified, a clearer vision will emerge of how Nanog functions and thus of how ES cells self-renew.
Note added in proof (received 21 September 2005)
In a recent study, Boyer et al. [35] have used a genomescale analysis to identify a cohort of genes that respond to Oct4, Sox2 and Nanog in human ES cells. They report that a majority of genes co-regulated by Oct4 and Sox2 are also targets of Nanog. It will now be important to test which aspects of this regulatory circuitry are functionally important.
Thanks to Jose da Silva for cell lysates and to Austin Smith for comments on the manuscript. Our research is supported by the Wellcome Trust and by an MRC research studentship to A.Y.
